ABSTRACT This paper illustrates the design, modeling, and analysis of bridge type structure based capacitive RF MEMS switch with different beam thickness and materials. We have used Ashby's approach to select the best materials in each and every level which helped to improve the overall performance of the switch in terms of mechanical, electrical, and RF properties. Silicon Nitride thin film (ε r = 7.8) is used as a dielectric material. The beam structure stiffness is analyzed with different materials, such as gold, titanium, and platinum, within these materials gold with high thermal conductivity and Euler-Young's modulus of 77 GPa is offering the best performance. Incorporation of meanders and perforations to the membrane helped to reduce the pull-in voltage. The proposed switch is offering very low pull-in voltage of 1.9 V. The deflection of beam thickness is tabulated for the three materials among them the 2 ţm thickness is best beam thickness for the switch for X-band applications. The switch offers best return loss (S 11 ) of −21.36 dB, insertion loss (S 12 ) of −0.147 dB, and isolation (S 21 ) of −52.04 dB at 8GHz. The switch presented in this paper is preferable in X-band applications.
I. INTRODUCTION
RF MEMS technology has exhibited great potential in the latest low power and high-frequency communication applications X-band range. Especially X-band radars occupied a major role in military, weather monitoring, air traffic control, vehicle speed detection applications. The performance of the radar depends on the switch present in the radar transceiver module. Design of the switch with low power consumption, high isolation, and low insertion are the potential research problems. RF MEMS switches with high tuning capability proved its ability in low power communication applications. In the last few decades, solid-state technology switches (PIN, FET) fulfill the gap in communication applications, but at high-frequency range their performance is not up to the mark [1] - [5] . In context of high isolation, low insertion and low power consumption RF MEMS switches are dominating the solid state switches in various applications. Design of an RF The associate editor coordinating the review of this manuscript and approving it for publication was Hamid Mohammad-Sedighi.
MEMS switch with low pull-in voltage, high power handling, low spring constant and best RF performance is the major research challenge [6] - [8] . Incorporation of low spring constant (K) micromechanical membrane structure, increasing of actuation area of the electrodes and minimum gap between the actuation electrodes help's to reduce the pull-in voltage. Perforations to the top membrane help to reduce up-state capacitance which majorly influences the switch insertion losses. In an association of high relative permittivity (ε r ) offering dielectric thin film (µm) in RF MEMS switch design helps to increase the switch downstate capacitance which helps to improve the isolation property of the switch [9] , [10] .
Bridge type capacitive switch having serpentine structure gives high inductance such that high isolation is achieved for X-band applications with the pull-in voltage of the switch is 20.4 V [11] . Asymmetric toggle RF MEMS Switch with a bridge structure is designed based on torsional spring with a movable membrane. The springs are employed to reduce the pull-in voltage is 5 V to 3 V and also to achieve better isolation and low insertion loss, each designed switch is suitable for low-frequency applications [12] . The switch is designed with GaAs substrate with fixed anchors such that the isolation of −50 dB and low insertion of 0.1dB is achieved at 4GHz which is applicable for X-band applications [13] . RF MEMS switch is designed by holding silicon on a glass substrate. The switch produces high productivity and lower stress and also less fabrication cost. The pull-in voltage achieved is 19 V which operates in low frequency [14] .
The structure of the paper is as follows, in section II the structure of the proposed device, working principle, its dimensions, a brief explanation of selecting material for the beam and dielectric layers, and theoretical calculations are discussed. Section III describes the results and discussions of the proposed switch with including different parameters and final section IV is the conclusion of the paper.
II. PROPOSED RF MEMS SWITCH A. STRUCTURE OF PROPOSED SWITCH
The proposed shunt type switch is designed on a glass substrate with a length of 595 µm and width 600 µm. An insulating material is placed on the top of the substrate to avoid the RF leakage currents through the substrate. A dielectric layer (Si 3 N 4 ) is placed on the top of CPW transmission line middle conductor for capacitive type switching. The figure1 shows that schematic view of the proposed switch.
A fixed-fixed beam structure is used as membrane which helped to improve the electrical properties of the switch. The gap between the signal line and beam is 1.5 µm, the capacitance is developed between the signal line and beam.
B. WORKING PRINCIPLE
The proposed switch is an electrostatically actuated capacitive shunt RF-MEMS switch. The micromechanical structure (beam) is placed on the CPW transmission line. The capacitive shunt type switches are fixed with the two anchors for both sides the actuated beam is separated from the signal line. The CPW is utilized for the RF Signal transmission from the input port to the output port. Initially, the switch is UP state position, when voltage is applied to the actuator, the beam moves to the signal dielectric, it will pull down state. The electrostatic force is adding on the beam and load is attached toward the beam, it is distributed one-third of the area it is an impact to the spring constant under the applied some voltage the electrostatic force is generated.
The electro static force is equally distributed over the region of the beam beyond the electrode. The spring constant is generated and it is correlated with the distance travelled below the area of the utilized force. In Upstate capacitance is developed between two electrodes, it is depending on the dielectric. At some particular voltage, the switch is actuated and the beam is displaced by applying electromechanical analysis to simulate the pull-in voltage and spring constant.
The switch consists of a substrate, dielectric substrate, and CPW transmission line which consist of two ground planes and one signal line. The beam is connected between the two fixed anchors. The voltage is applied to the beam is influencing and touches the signal dielectric.
The switch is initially ON state condition when the voltage is applied to the beam it touches the signal line it is in OFF state as shown in figure 2 and figure 3 respectively.
C. DIMENSIONS
The switch associated with membrane with meanders and holes (perforation), a CPW transmission line and a insulated substrate. Materials used and the dimensions of the switch are listed in Table 1 . 
D. MATERIAL SELECTION
Proper material selection is the key performance deciding factor in RF MEMS switches design. Ashby's material selection method is used to select the materials for different thin films in the switch design process. The appearance of the proposed switch is depending on the beam and dielectric materials. In this, we have considered high conductive metals for the beam, and to select some insulators for dielectric [15] . The beam material majority influence the electrical and mechanical parameters of the switch like spring constant, pull-in voltage, switching speed.
Before finalising the material for beam and dielectric thin films, we have done the analysis with different materials by taking their properties in to consideration. In figure 4 , we have shown the relation between thermal conductivity of different high conductive materials (Au, Pt, Ti,Ni,Cr,Nb,Al 2 O 3 ) and young's modulus which helps to select appropriate material for beam to achieve low pull-in voltage.
The capacitive RF MEMS switches insertion and isolation properties depend on the properties of dielectric material. So, here we have done an analysis on the properties of different dielectric materials as shown in figure 5 . Based on the properties, its Poisson ratio is high, and generating good Table 2 shows material properties of different conductors and dielectric materials [16] .
E. PERFORATIONS AND MEANDERS
The switch beam is associated with perforations and meanders which help to improve the performance of the switch as shown in figure 6 . Because of meanders the spring constant of the beam reduces and proportionally the pull-in voltage also reduces. Perforation to the beam helps to reduce the mass of the beam and increase the performance of the switch like switching speed, reducing the pull-in voltage and offer low insertion losses. The beam perforation shows the impact on the upstate capacitance of the switch. The Non-uniform meander technique is used to increase the speed of switch and decrease the spring constant. The area loss because of the perforation is not more than 60% of the overall area of the membrane. If the holes area is more than the limit it may leads to breaks in the beam. Each hole releases the some resudual stress of the beam and reduces the young's modulus of the structure. The electrostatic force is not influence by the hole density. The capacitance analysis is relaying on the holes. The effect of holes on the upstate is negligible beacause of the fringing field that fills the area of holes. In down state capacitance there is no effect and reduced capacitance ratio.
F. THEORITICAL PARAMETERS
RF MEMS switch performance depends on the mechanical, electrical and Radio Frequency parameters. The one of the mechanical property of the RF MEMS switch is spring constant [17] .
The spring constant is the parameter, which indicates the stiffness of the beam. The beam is focused on the load as shown in figure 7 . The formula for beam deflection versus position of load is
By writing 'y' as 
where, 'l' is the length of the beam, 'M A ' is the reaction of moment at the left end, 'R A ' is the vertical reaction of the left end, 'I = wt 3 /12' is the moment of inertia, 't' is the thickness and 'w' is width of the beam. The load is equally distributed to the beam, and also caused some deflections at the middle point, substituting x = l/2 in equation 1 and 2.
At some point 'a' the deflection is identified, and the load is equally distributed on the beam. The spring constant with respected to the beam is
where,
The spring constant for fixed-fixed beam with meanders can be calculate using formula [17] - [19] ,
where 'E' is Young's modulus, 'w' is the width,' t' is the thickness, 'l' is the length of the beam. The pull-in voltage is depending on the spring constant, where the DC voltage is applied on the beam through the RF signal line. The electro static force is generated between the movable plates and fixed plane the operation as shown in figure 8 . The mechanical force is equal to the potential energy [18] - [20] . The electro static energy is
The mechanical elastic force is
The capacitance of movable parallel-plate is
Area (A) is impact on the beam, the energy is stored in the capacitor, with respect to the movable plate is
The equation shows that relation between the voltage and displacement. The maximum voltage is utilizing on the beam.
The pull-in voltage of fixed-fixed beam is
where K -spring constant A -over lapping area of electrodes g o -Air gap between beam and signal line E o -permitivity of in free space The capacitance study is estimated during UP state and downstate. The upstate capacitance is
The downstate capacitance is figured by using formula
where A is the area, 't' is the thickness of the beam. The resonant frequency is calculated by using an equation.
where, 'k' is the spring constant, 'm' is the mass of the beam.
Damping ratio and quality factors are the important parameter of the RF MEMS switch, It is depending on gap between the beam, dielectric and also overlapping area of the beam. By changing the gap damping ratio will also changes, It is calculated by
where, 'µ' is the viscosity of air, 'A' overlapping area, 'g' gap between the electrodes. The quality factor of the switch influences the switching parameters such as spring constant, resonant frequency. The quality factor of the switch is obtaining by using the equation,
where, 'b' is the damping ratio, 'k' is the spring constant, 'f o ' is resonant frequency. The switching time is important factor for the speed of the switch. It is calculated by using formula,
where, 'V p ' is pull in voltage, 'V s ' is actuated voltage. Table 3 , 4, 5 demonstrates the effect of beam thickness and materials on the spring constant and pull-in voltage. In this gold material offering low pull-in voltage than platinum and titanium. From tables we have observed that increasing of beam thickness effecting the spring constant proportionally, and simultaneously the pull-in voltage is also increase.
III. RESULTS AND DISCUSSIONS

A. SPRING CONSTANT
The performance of RF MEMS switch is associated with the spring constant. The effective spring constant of the beam associated with meanders indicates the stiffness and how VOLUME 7, 2019 FIGURE 9. Simulation of switch membrane by gold. The switch is designed and analyzed the performance with different dimensions and materials using the FEM tool. When the DC voltage is applied between beam and actuation electrodes, the switch beam is actuated [21] .
By simulate the proposed switch and to observe the beam is displaced at a particular voltage. At appropriate voltage, beam is actuated and the displacement is constant. The figure 9 ,10, 11 shows that the beam displacement at different DC voltages.
The role of materials on the pull-in voltage is analyzed by designing beam with high conducting metals like gold, platinum, titanium. In figure12 shows that voltage Vs displacement for platinum. We have noticed that the spring constant of the beam depends on the material, the beam with gold material offering low spring constant. The figure13 show that voltage vs displacement of different materials having various pull-in voltages likes Gold, Platinum, and Titanium [22] - [24] . It is clear that the low spring constant offering gold based beam is requiring the low pull-in voltage. With this we would like to conclude that gold is the best material to get the good pull-in voltage i.e., 1.9 V. 
C. CAPACITANCE ANALYSIS
The proposed switch works depends on the upstate and downstate capacitances. The upstate capacitances influence the insertion losses and the downstate capacitances influences the isolation losses of the switch. By reducing the upstate capacitance and improving the downstate capacitance we can active the best radio frequency performance of the switch. The dielectric thin film decides the capacitance of the switch.
The proposed switch is using Si 3 N 4 as the dielectric thin film offering a downstate capacitance of 4.47 pF and the upstate capacitance is 2.47 fF as shown in figure 14 and 15.
D. RESONANT FREQUENCY ANALYSIS
The resonant frequency is known as rate of change of displacement with respect to applied DC voltage. It's depending on the gap between the beam and actuation electrodes. The resonant frequency of the proposed switch is obtained from the FEM tool simulation i.e., 5 KHz which is closely matched with the theoretical value.
E. SWITCHING TIME ANALYSIS
The ratio of pull-in voltage to the actuation voltage is known as switching time. It is depending on the speed of beam deformation.
The switching time is depending on the pull-in voltage. If the voltage is increased the switching time is also increasing. At particular voltage the switching time is constant. The switching time of the proposed switch is 9 µs as shown in figure 16 .
F. QUALITY FACTOR
The spring constant, resonant frequency and damping coefficients decides the quality factor of the switch. If the quality factor of the switch is low it indicates the settling time of the beam is low. It is depending on the beam structure and actuation electrodes area of the switch. The quality factor of proposed switch is Q = 2.3e-3. This is good toward the switch settling time is very low. 
G. STRESS ANALYSIS
The stress analysis on the beam helps to analyze the scope of unnecessary deformation which leads to the switch permanent failure. The stress is equally distributed by applying some force on the beam. Here the figure 17 shows that stress analysis for gold beam material. First, we calculate the force by using the formula 21, calculated force is 3.2 micro Newton [25] - [27] .
where 'E' is the Young's modulus of material, 't' is the thickness of beam and 'l' is the length of the beam. While here we taking gold as beam material, because of it is high conducting material and Young's modulus is 79 Gpa. The switching parameters of the three materials are given in table 6, we observed that material of gold is shows good results by comparing Platinum and Titanium.
H. RF PERFORMANCE ANALYSIS
The shunt capacitive RF MEMS Radio frequency performance are analyzed using HFSS tool. The scattering parameters like S 11 , S 12, S 21 are recorded to analyze the insertion isolation behavior of the switch. When the switch is ON State condition will occur S 11 and S 12 are return loss and insertion loss generated. The switch is OFF state it exhibits the isolation loss (S 21 ) The RF performance is evaluated at the switch is ON and OFF state conditions [28] - [35] .
These S-parameters are analyzed at 8 GHz to 60 GHz. The simulation results shows that the switch offering best return loss and high isolation in x-band range as shown in figure 18 , 19, 20. So we are proposing the switch for X-band frequency.
From Table 7 , we have obtained the return loss is less than −21.36 dB at 8 GHz, and the insertion loss is up to −0.14 dB at 10 GHz and the isolation of proposed switch is 52.04 dB at 12 GHz. The switch offering good performance in X-band region, so it is applicable in reconfigurable antennas for satellite communications. Here, Table. 8, shows that comparison of all parameters of the proposed RF MEMS Switch with previous work.
IV. CONCLUSIONS
In this paper, we have designed and simulated capacitive shunt type RF MEMS switch for X-band applications. Meanders and perforations play a key role to reduce the spring constant and pull-in voltage. The switch electrical and RF parameters are extracted by using COMSOL FEM & HFSS tools respectively. The switch offering low pull-in voltage of 1.9 V. The materials impact is present on the switch having good performance. The device shows a low switching time of 9 µ s. The result shows that return loss and insertion losses are −21 dB and −0.147 dB and high isolation of −52.04 dB at 8 to 12 GHz. The theoretical and simulation values are very close agreement. The proposed switch offering best performance in X-band range i.e 8-12 GHz. Therefore, the proposed RF MEMS Switch is used in radars occupied a major role in military, weather monitoring, air traffic control, vehicle speed detection applications.
